Abstract A 5.8 T cryogen-free superconducting magnet (SCM) system with a warm bore hole of 160 mm in diameter, used for gyrotrons operating in the frequency range from 68 GHz to 140 GHz, is installed on the site of the HL-2A tokamak. The SCM consists of two separate solenoidal magnetic coils connected in series, a 4.2 K Gifford-McMahon (GM) refrigerator, a compressor, a coil power supply and two temperature monitors. The performance, test and preliminary experimental results of this SCM system are described in this paper. The magnetic field distribution was measured along the axis, and a dummy tube was used for adjusting the magnet system. Finally, the magnet was used for the operation of a 68 GHz/500 kW gyrotron, which is part of an electron cyclotron resonance heating (ECRH) system. With an additional auxiliary coil and after adjusting the magnet system, a maximum output power for the ECRH system of up to 400 kW was achieved.
Introduction
In the magnetic-confinement nuclear fusion field, the electron cyclotron resonance heating system is widely used for plasma heating, current profile and magnetohydrodynamics control, start up, current drive, etc [1, 2] . The HL-2A is a divertor tokamak which mainly focuses on the issues of fusion research, such as confinement improvement, divertor and scrape-off layer physics, wall conditioning, magnetohydrodynamics (MHD) instability and energetic particles, auxiliary heating and current drive [3] . Currently, the HL-2A is equipped with a 3 MW/68 GHz ECRH system [4] and, in addition, a new 2 MW/140 GHz system is under construction [5] . The microwave power injected into the plasma is supplied by gyrotrons. Usually, a superconducting magnet is needed to provide the desired magnetic field distribution for the operation of the gyrotron. The previously used SCMs were cooled by immersing the magnetic coil into a liquid helium (He) bath, and the helium directly evaporated into air due to the absence of a recovery system. This kind of system requires refilling of liquid He every few days. In order to make the SCM system easier to operate, and also to save the refrigerant, it is preferable to use a cryogen-free system [6] . Similar systems are also planned to be used in the ECRH system of the International Thermonuclear Experimental Reactor (ITER) [7] . This paper presents details of the operation of a 5.8 T cryogen-free superconducting magnet with a warm bore hole of 160 mm in diameter, which is used for 68 GHz to 140 GHz gyrotrons. The system composition and main parameters are given in section 2. The main test results are described in section 3, and section 4 elucidates the method adopted to align the magnet. In section 5, the preliminary experimental results obtained with a 68 GHz/500 kW ECRH system are presented, and the conclusions are given in section 6.
Composition and main parameters
The 5.8 T cryogen-free SCM system consists of two separate solenoidal coils connected in series and placed in a cryogen-free cryostat, a 4.2 K two-stage GM re-frigerator integrated into the cryostat, a compressor, a coil power supply and two temperature monitors, as shown in Fig. 1 . An outline drawing of the SC magnet is shown in Fig. 2 based on the manufacturer's instructions (Cryomagnetics), in which the interfaces for the coil power supply and temperature monitors, and the evacuating valve are indicated. The 2nd stage cold head of the refrigerator is used to cool down the magnetic coils below 4.2 K, while the 1st stage cold head is kept in contact with a thermal shield of around 35 K. The compressor provides high-pressure helium gas to the refrigerator and recovers the low-pressure helium gas via a pair of helium flex lines. A high-precision power supply with 0.1 mA current stability is applied to energize the magnetic coils. There are four temperature sensors installed in the magnet to monitor the temperatures of the refrigerator's 1st stage, 2nd stage, thermal shield and magnetic coils. Two monitors, which can display two temperatures each, make it easy to observe the real temperature at the monitoring points. In addition, a cooling water cycle machine is used to cool the compressor. A schematic cross-section drawing of the SC magnet is shown in Fig. 3 , according to the manufacturer's instructions (Cryomagnetics). Here, some of the main dimensions of the magnet, including the top and bottom plates, the warm bore hole, the height, and the distance between the magnetic field center and the top of the magnet, are given. Additionally, the position of the two separate coils in the cryostat is also shown. Table 1 gives the main parameters of the 5.8 T cryogen-free SCM system. The size of the warm bore is compatible with the dimensions of the gyrotron; for the safety of the magnet the charging rate of the SC coils is limited to 2.44 A/min. With the inductance of the coils of 74.2 H, a corresponding charging voltage of about 3 V is obtained. 
Test results
For the 5.8 T SCM system, the test items mainly include the charging characteristics, the magnetic field profile and the quench protection of the magnet. The results are as follows.
Charging the magnet
After connecting the power supply and temperature monitors with the magnet and evacuating the cryostat, the cooling of the coils can be started. The whole cooling time is about 40 h until the temperature of the coils drops to ∼3.3 K. Fig. 4 shows the temperature decrease vs. the time of the magnetic coils during the cooling procedure. After cooling down, the coils are in a superconducting state and the process of charging the magnet to 5.8 T with a rate of 2.44 A/min can start. During the charging of the SC-coils, a small fluctuation in the temperature of the magnetic coils occurs, due to additional power dissipation caused by eddy currents. The temperature first rises up to about 4.7 K before it drops again. 
The axial magnetic field distribution
After the nominal magnetic field has been achieved, the magnetic field distribution along the z-axis (see Fig. 2 ), which is very important for the operation of the gyrotron, was measured. The axial magnetic field was measured along the axis of the warm bore hole of the SC magnet. The measured profile of the magnetic field normalized by the maximum field value is plotted in Fig. 5 . In the figure, the solid line corresponds to the design profile and the measured values are represented by circles. In addition, the dotted line gives the relative error between the measured result and the design profile. Fig. 5 shows that the error is sufficiently small across the whole measured region, and thus the magnet meets the design requirements. Moreover, it is easy to see that the distribution of the field is symmetric relative to z=0 (the position of the maximum of the magnetic field), which is also a major magnet feature for the gyrotron. 
Quench protection
For safe operation of the magnet system, there are protection circuits inside the cryostat. In case the compressor or the power supply of the SCM stops running suddenly, the energy in the magnetic coils will release through the protection circuits without causing damage to the coils. In order to test the performance of the protection circuits, we first charged the coils to 35 A and then cut off the power supply of the compressor. After about 6 min, the magnet quenched and the temperature of the coils changed rapidly from 8.31 K before quenching to 37 K. Then the compressor was started and the coil temperature decreased to ∼3.3 K again. The following charging showed that the magnet was in good condition, which demonstrated that the protection circuits were functioning well and the magnetic coils were safely protected by the circuits.
Magnet alignment
Before using the cryogen-free magnet system for gyrotron experiments, it is necessary to align the magnet in order to make sure that the axis of the gyrotron coincides with the axis of the magnetic field (z-axis in Fig. 2 ). Otherwise, it will affect the performance of the gyrotron. For a superconducting magnet, the axis of the magnetic field is usually fixed, while the axis of the gyrotron can be adjusted by a pair of flanges located at the top and bottom plates of the magnet. As a result, one can adjust the flanges so as to ensure a coincidence between the axis of the magnetic field and the line through the center of the two flanges, which determine the axis of the gyrotron. To adjust the flanges, a dummy tube is used, which has the same size as the gyrotron and is equipped with a cathode for the emission of electrons. The dummy tube has a collector covered with a fluorescent material and a window at the top of the tube that allows a view of the inner collector wall. Once the dummy tube is installed into the magnet, the electron emitted from the cathode is dissipated on the collector wall. The trace of the beam on the collector wall can be observed through the window. From the observed trace it can be determined whether the flanges need to be moved or not. If the trace looks like orbit 1 in Fig. 6 , which is parallel to the top plate of the magnet, the flanges are located just at the desired position, meaning that the magnetic axis is in coincidence with the mechanical axis as defined by the two flanges. Otherwise, the flanges have to be adjusted when the observed trace is tilted, as indicated as orbit 2 in Fig. 6. Fig. 7 shows the distribution of electrons on the collector observed from the window (see Fig. 6 ) after the alignment has been performed. Here, the luminous blue ring area represents the distribution of electrons on the collector wall. Fig.7 The distribution of electrons on the collector
Experiments
To verify the performance of the 5.8 T cryogen-free SCM, a series of experiments were performed together with a 68 GHz/500 kW ECRH system on the HL-2A tokamak, as shown in Fig. 8 . The ECRH experimental system consists of a gyrotron, the cryogen-free SCM, a matching optic unit (MOU), two bellows, a DC break, two miter bends, a polarizer, some circular corrugated waveguides and a launcher [8] . The microwave generated by the gyrotron is first converted to TEM 00 mode by the MOU, which excites the HE 11 mode in the circular corrugated waveguide for low-loss transmission [9] . The miter bend is used to change the propagation direction of the wave, while the polarizer can change the polarization of the wave. The bellows can eliminate mechanical installation error and the DC break is adopted to isolate the gyrotron from the tokamak. Once the microwave is propagated to the launcher through the transmission line, the wave will be injected into the plasma with the desired direction by the two mirrors integrated in the launcher. Fig. 9 is a photograph of the 68 GHz gyrotron with the cryogen-free SCM system. It should be noted that the required magnetic field profile for the 68 GHz gyrotron is slightly different from the one generated by the cryogen-free SCM, which was originally designed for 140 GHz, and therefore an auxiliary coil is needed to compensate for the difference when the 68 GHz gyrotron is used for experiments. The auxiliary coil mainly modifies the magnetic field distribution around the cathode of the 68 GHz gyrotron. This is very important for the safe operation of the gyroton. Without the auxiliary coil, the operation is limited because part of the emitted electrons hit the anode surface, which leads to a growth in the anode current (I a ), as shown by the colored area in Fig. 10 . Finally, the gyrotron operation will be forced to be stopped since the anode current becomes too large and unstable. The output microwave power of the gyrotron is an important parameter that illustrates the performance of both the gyrotron and also the magnet system. Using thermal papers, the mode at the MOU output port and launcher input port (see Fig. 8 ) was checked, as shown in Fig. 11 . As seen in Fig. 11 , the output power is well centered, indicating that the gyrotron is working correctly. Furthermore, the output power and the transmission efficiency of the wave from the gyrotron to the launcher were measured using a calorimetric method [10] . The maximum output power of the gyrotron is nearly 400 kW, and the transmission efficiency is about 90%. These results indicate that the cryogenfree SCM magnet system has a good match with the 68 GHz/500 kW ECRH system and can be used for the operation of this system. Fig.11 The microwave mode at the MOU output and launcher input
Conclusions
A cryogen-free SCM magnet equipped with an SCM, a 4.2 K two-stage GM refrigerator, a compressor, a coil power supply and two temperature monitors has been installed on the site of the HL-2A tokamak. Compared to the traditional SCM that uses liquid helium for cooling, the cryogen-free one is much safer, and most of the time does not require manual intervention.
The cooling down time, axial magnetic field distribution and quench protection feature of this system was tested first. The test results show that the cryogen-free SCM system can meet the design requirements. Then we adjusted two of the flanges of the SCM magnet to enable the axis of the gyrotron to coincide with the axis of the magnetic field.
Finally, a 68 GHz/500 kW ECRH system, together with the cryogen-free SCM system for experiments, was set up to verify the performance of the cryogenfree SCM. A maximum output power of 400 kW was achieved by using an auxiliary coil and adjusting the cryogen magnet system's operating point.
Up until now, the cryogen-free SCM system has operated for more than 3000 h without any problems. In the future, the system will be used for the gyrotron that is designed for operation at two frequencies: 140 GHz and 105 GHz.
